P ulmonary surfactant is a lipoprotein-rich complex that is required for normal pulmonary function and host defense. Pulmonary surfactant lowers surface tension to maintain alveolar stability during breathing and impedes infection by various pathogens. Surfactant homeostasis is maintained by precise regulation of synthesis, secretion, and recycling by alveolar type II epithelial cells and its degradation by alveolar macrophages (1, 2) . Conditions that compromise surfactant function are associated with respiratory distress. These include surfactant insufficiency due to premature birth or inactivation of surfactant due to lung injury or infection. Mutation in genes essential for surfactant homeostasis including Sftpb, Sftpc Gmcsf, and Abca3 causes acute or chronic lung disease (2) (3) (4) (5) .
Pulmonary surfactant protein C (SP-C) 4 is synthesized in type II cells as a 21-kDa precursor (proSP-C) that is proteolytically processed to the active secreted peptide. The mature form of SP-C is a 35 aa peptide that is distinguished by an extended hydrophobic valine rich domain from residues 9 -23. In a lipid environment, SP-C forms an ␣ helical structure that spans lipid bilayers. The hydrophobic nature of SP-C is further enhanced by palmitoylation of two adjacent N-terminal cysteine residues. SP-C increases the rate of adsorption of lipids into a surface film and alters the organization of lipid acyl side chains (2, 6) . Synthetic lipid preparations containing only SP-C restore the dynamic compliance and oxygenation of lungs in surfactant depleted animal models (7) . Surfactant extracts enriched in SP-C and phospholipids are used to treat neonatal respiratory distress syndrome in newborn infants (8 -10) .
Surfactant proteins play important roles in innate host defense of the lung. An elaborate host defense system suppresses infection from inhaled microorganisms while minimizing inflammation. The innate pulmonary defense system consists of physical, cellular, and biochemical barriers. The surfactant layer acts as both a barrier and a source of proteins that modulate inflammatory signaling in the alveolus and enhance the elimination of pathogens. For example, surfactant protein A (SP-A) and surfactant protein D (SP-D) bind to various infectious microorganisms as well as to LPS and other bacterial and fungal components to enhance uptake and killing by phagocytic cells (11) . SP-C binds to the lipid A component of bacterial LPS and to CD14, a component of the cellular LPS signaling complex (12, 13) . SP-C inhibits LPS interactions with macrophages in vitro, potentially reducing overt phagocytic cell activity in the alveolus (14) . These in vitro findings imply that SP-C neutralizes LPS to influence subsequent inflammatory stimuli in the alveolar compartment.
Mutations in the gene encoding SP-C (Sftpc) have been linked to hereditary forms of interstitial lung disease (ILD).
Mutations that alter the structure of the proSP-C precursor predominate, whereas a smaller number of patients lack a primary mutation yet still have a selective deficiency of mature SP-C (15, 16) . Clinical findings in SP-C-dependent ILD are highly variable even among affected individuals from the same family (17) . Morphological changes due to SP-C deficiency include cellular infiltrates, alveolar remodeling, airspace loss, and fibrosis. Episodes of respiratory insufficiency in SP-C-deficient individuals are often preceded by pulmonary infection from a variety of viral or bacterial sources (16, 17) . These findings suggest that the inability to process the aberrant proSP-C or loss of SP-C in the alveolus predisposes the lungs to infection. The SP-C gene-targeted mice (Sftpc Ϫ/Ϫ ) on a 129S6 background develop a progressive lung injury with features similar to those of familial ILD in humans (18, 19) . To determine whether SP-C plays a role in innate host defense of the lung, Sftpc Ϫ/Ϫ mice were challenged with the pulmonary pathogen Pseudomonas aeruginosa. P. aeruginosa is a common pathogen associated with pulmonary infection in cystic fibrosis and chronic diseases requiring ventilator support (20) . In the present study we demonstrate that Sftpc Ϫ/Ϫ mice are susceptible to pulmonary infection by P. aeruginosa.
Materials and Methods

Animal husbandry
Sftpc
Ϫ/Ϫ mice were generated by targeted gene inactivation as previously described (18, 19) . Sftpc Ϫ/Ϫ mice were previously bred onto 129S6/ SvEvTac (129S6) and FVB/N backgrounds to generate congenic 129S6 and FVB/N Sftpc Ϫ/Ϫ lines. Mice were maintained in a barrier facility and housed in sterilized cages with access to sterilized food, water, and filtered air. Lung homogenates were negative for culture of bacteria and fungus. Sentinel mice in the colony were not infected by bacterial or viral pathogens. All animals were handled under aseptic conditions. Animal studies were performed under protocols approved by the Institutional Animal Care and Use Committee of the Children's Hospital Research Foundation (Cincinnati, OH).
Bacterial infection
A clinical isolate of mucoid P. aeruginosa from a single freezer stock was used to minimize variation in virulence throughout the study. Bacteria were grown overnight in tryptic soy broth at 37°C with continuous shaking. Broth cultures were centrifuged, and the pelleted bacteria washed and resuspended in 1 ml of sterile PBS. The concentration of the inoculum was determined by quantitative culture on tryptic soy blood agar. Administration of P. aeruginosa was performed by intratracheal inoculation of bacteria diluted in PBS. Mice were anesthetized with isofluorane and the trachea exposed by a small anterior midline incision. A 30-gauge needle attached to a tuberculin syringe was inserted into the trachea, and 50 or 100 l of inoculum dispensed into the lung of postnatal day 14 (PND14) pups or adult mice, respectively. Sterile PBS was injected as a control. The incision was closed with one drop of Nexaband. For in vivo macrophage phagocytic assays, mice were instilled with 8 ϫ 10 5 P. aeruginosa that constitutively express bacterial GFP, a gift of Dr. T. Machem (University of California, Berkeley, CA).
Survival and bacterial clearance
To determine an effective bacterial dose 14-day-old Sftpc ϩ/ϩ and Sftpc Ϫ/Ϫ mice were given 10 5 -10 7 bacteria intratracheally. Mortality occurred at the 1 ϫ 10 7 dose. Therefore, PND14 mice were intratracheally injected with 1-4 ϫ 10 7 bacteria and placed in warmed incubators. Cages were checked at 1-h intervals for the first 4 -6 h and then monitored continuously for changes in survival. For clearance studies, PND14 mice were administered 2-4 ϫ 10 6 bacteria. Quantitative cultures of lung homogenates were obtained 4 and 24 h postinoculation at which time mice were given a lethal i.p. injection of ketamine/xylazine/ acepromazine. The abdomen was opened and the animal exsanguinated by transection of the inferior vena cava to minimize pulmonary hemorrhage. Lungs were removed, weighed, and homogenized in 1 ml of sterile PBS. Aliquots of the homogenates were serially diluted and plated on tryptic soy-blood agar plates to quantitate the surviving bacteria. Bacterial colony counts were normalized to milligrams of lung wet weight per milliliter of recovered homogenate.
Lung histology
Lungs were inflated via a tracheal cannula at 20 cm of pressure with 10% buffered formalin and removed en bloc from the thorax. Each lobe was bisected, dehydrated, and embedded in paraffin. The 5-micron tissue sections were cut and stained with H&E or Alcian blue (Poly Scientific).
Bronchoalveolar lavage
For adult mice, lungs were lavaged three times with 1 ml of sterile PBS. For PND14 mice, the lungs were lavaged three times with 350-l aliquots. bronchoalveolar lavage fluid (BALF) was centrifuged at 1250 rpm for 5 min, and the cell pellet resuspended in 1 ml of PBS. Total cell counts were obtained using a hemocytometer and differential cell counts were made on cytospin preparations using Diff-Quik stain (Scientific Products).
Macrophage phagocytic assays
Phagocytic activity of alveolar macrophages isolated from BALF was assessed by fluorescent bead uptake in vitro. Lungs from PND14 mice were lavaged with cold Hanks' buffer and placed on ice. Lavage from six mice of each genotype was pooled, and cells were pelleted and resuspended in 1 ml of DMEM of 5% FBS with antibiotics. Cell counts were determined and 5 ϫ 10 5 cells plated in 6-well dishes. Cells were allowed to adhere for 15 min, the medium and nonadherent cells removed, and the medium replaced. Examination of Diff-Quik-stained adherent cells indicated that the cultures were macrophages and free of polymorphonuclear leukocytes or lymphocytes. Fluorescent beads were added at a ratio of 100 beads per cell. The wells were gently washed after 1.5 h to remove nonadherent cells. The remaining cells were dislodged by scraping and collected by low speed FIGURE 1. Decreased survival of Sftpc Ϫ/Ϫ mice following intratracheal challenge with P. aeruginosa. The survival of 2-wk-old mice was monitored after intratracheal instillation of 1 ϫ 10 7 bacteria. Bacteria were poorly tolerated for the Sftpc Ϫ/Ϫ mice (n ϭ 12 mice of each genotype). p ϭ 0.017 determined by Kaplan-Meier survival. For determination of phagocytic activity in vivo, mice were instilled with 8 ϫ 10 5 fluorescent bacteria, P. aeruginosa that constitutively express bacterial GFP, and bronchoalveolar lavage performed 4 h postinfection. BALF was analyzed from individual mice or pooled from four mice for each genotype. BALF cells were pelleted, washed, and resuspended in 500 l of PBS for FACS analysis. Event recording gates were set to exclude nonmacrophage cells based upon size and complexity. BALF from mice instilled with nonfluorescent P. aeruginosa was used in FACS determinations as a control for nonspecific autofluorescence.
Identification of protein differences in Sftpc
ϩ/ϩ and Sftpc
Ϫ/Ϫ alveolar macrophages
Macrophages were collected from BALF of adult mice by selective adherence to tissue culture dishes, washed, and lysed in situ with 100 l of SDS lysis buffer (50 mM Tris-HCl (pH 7.4)) supplemented with protease inhibitors (Sigma-Aldrich) and protein determine by bicinchoninic acid assay for cell lysate and cell-free BALF. BALF protein (5 g) was dried, resuspended in Laemmli buffer, boiled 5 min, and loaded on 8 -16% polyacrylamide gels (Invitrogen). Gels were silver stained, and select bands that differed in abundance were extracted and submitted for trypsin digest. Fragments were analyzed using a Bruker MALDI-TOF mass spectrometer (University of Cincinnati Proteomics and Mass Spectrometry Core Facility). Unique tryptic fragments were searched against the Profound database.
Results
Establishment of Pseudomonas infection model in Sftpc
On the 129S6 background, Sftpc Ϫ/Ϫ mice have normal lung morphology at birth but develop lung pathology consistent with ILD associated with hereditary SP-C deficiency. PND14 mice were chosen to assess pathogen susceptibility before development of overt pathological changes in the lungs of Sftpc Ϫ/Ϫ mice. PND14 also represented the earliest age at which intratracheal inoculation of bacteria and recovery of lavage fluid was reproducible.
Survival and bacterial clearance in Sftpc
To determine an appropriate bacterial dose, 129S6 Sftpc ϩ/ϩ and Sftpc Ϫ/Ϫ mice were inoculated by intratracheal injection with concentrations of P. aeruginosa ranging from 10 6 to 10 8 CFU and monitored for 24 h. Bacteria were poorly tolerated by the Sftpc Ϫ/Ϫ mice. Six hours after bacterial instillation, the Sftpc Ϫ/Ϫ mice were inactive and physically unresponsive to mild stimulation in comparison to the wild-type mice that remained active. The survival of PND14 Sftpc Ϫ/Ϫ mice was decreased when challenged with 10 7 P. aeruginosa (Fig. 1) . In contrast, there was no difference in survival of adult 129S6 Sftpc ϩ/ϩ and Sftpc Ϫ/Ϫ mice infected with P. aeruginosa. To determine whether SP-C deficiency altered bacterial clearance, PND14 mice were inoculated with a smaller dose of bacteria (2-4 ϫ 10 6 ). Twenty-four hours after instillation, the lungs were removed and homogenized, and bacteria quantified by plating serial dilutions of the lung homogenates on tryptic soyblood agar plates. By inspection of the excised lungs, injury was more extensive in Sftpc Ϫ/Ϫ than in Sftpc ϩ/ϩ mice noted by extensive discoloration. Bacterial colony counts were 24-fold higher in the lung homogenates from PND14 129S6 Sftpc Ϫ/Ϫ mice (Fig. 2) . When age-matched congenic FVB/N Sftpc ϩ/ϩ and Sftpc Ϫ/Ϫ mice were similarly infected, there was no difference in the colony counts from lung homogenates. Based upon the reduced survival of the 129S6 Sftpc Ϫ/Ϫ mice, 2-4 ϫ 10 6 bacteria were used for subsequent clearance and phagocytic assays and all studies completed in the 129S6 strain of Sftpc Ϫ/Ϫ mice.
Increased inflammation following P. aeruginosa challenge
Increased inflammation was observed in histological sections of lungs from PND14 Sftpc ϩ/ϩ and Sftpc Ϫ/Ϫ mice 24 h postinfection. Tissue and airspace infiltrates contained neutrophils and enlarged macrophages. The cellular infiltration was more extensive in the lungs of Sftpc Ϫ/Ϫ mice and included areas of complete consolidation (Fig. 3) . Airway inflammation occurred in response to P. aeruginosa infection and included distinct goblet cell hyperplasia. Mucin production was assessed by Alcian blue histochemistry (Fig. 4) . Alcian blue (Fig. 4, B and D) . Total cell counts were increased in BALF from adult and PND14 mice 4 h postinfection (Fig. 5) . Cell counts from BALF of infected adult Sftpc Ϫ/Ϫ mice were 2-fold higher than cell counts in Sftpc ϩ/ϩ mice (Fig. 5A ). Cell counts from BALF of infected PND14 Sftpc Ϫ/Ϫ mice were increased 4-fold over PND14 Sftpc ϩ/ϩ mice (Fig. 5C ). Neutrophils accounted for the majority of the cells in BALF after infection (Fig. 5, B and D) . Large, foamy macrophages were identified in cytospin preparations from the BALF of Sftpc Ϫ/Ϫ mice. Neutrophil counts were also elevated in the BALF of uninfected adult and PND14 Sftpc Ϫ/Ϫ mice relative to BALF from Sftpc ϩ/ϩ mice, consistent with a pre-established chronic low level inflammation due to SP-C deficiency (Fig. 5,  B and D) . In both Sftpc ϩ/ϩ and Sftpc Ϫ/Ϫ mice, total protein levels in BALF increased 3 fold following infection consistent with increased injury. The BALF from Sftpc Ϫ/Ϫ or Sftpc ϩ/ϩ mice (n ϭ 6) was collected 4 h postinfection with Pseudomonas, pooled, and screened using specific ELISA kits (R&D Systems) for IL-1␤, IL-4, IL-6, IL-13, and with an Ab array to 20 inflammatory cytokines (Ray Biotech) to profile changes in inflammatory mediators. Surprisingly there were no observable differences in cytokine levels between the two groups of mice (data not shown).
FIGURE 6. SP-C does not restore phagocytic killing of P. aeruginosa. Bacteria were mixed with a synthetic phospholipid mixture or purified SP-C with phospholipids before infection of 2-wk-old Sftpc Ϫ/Ϫ mice. Bacterial counts were determined 24 h after infection. SP-C did not enhance bacterial clearance. SP-C does not opsonize P. aeruginosa SP-C preparations were mixed with bacteria before infection to determine whether direct interaction of SP-C with bacteria enhances phagocytosis or clearance. Bacterial colony counts from lung homogenates 24 h postinfection were not altered by pretreatment of the bacteria with a phospholipid preparation containing 2.5% purified human SP-C (Fig. 6) . Thus, SP-C does not directly kill or enhance the uptake of bacteria to Sftpc Ϫ/Ϫ mice.
Phagocytic activity is reduced in alveolar macrophages from
Changes in alveolar macrophage morphology were observed in the lungs of Sftpc Ϫ/Ϫ mice. A subpopulation of the enlarged macrophages with numerous cytoplasmic inclusions is characteristic of Sftpc Ϫ/Ϫ mice. Multinucleated giant cells were observed in the alveolar spaces. Increased cell size and granularity of Sftpc Ϫ/Ϫ macrophages was verified by flow cytometry. To assess phagocytic activity, macrophages were isolated from PND14 mice and incubated with fluorescent-labeled beads in vitro. After 1.5 h, macrophages were recovered, and the uptake of beads determined by FACS analysis. The phagocytic index of Sftpc Ϫ/Ϫ macrophages was 64% of the index calculated for Sftpc ϩ/ϩ macrophages (Fig.  7A) . Phagocytic activity was evaluated in vivo after administration of fluorescent P. aeruginosa. Macrophage-associated fluorescence was determined in cells isolated from BALF 4 h after administration. Nonfluorescent P. aeruginosa were instilled in separate mice to control for nonspecific fluorescence. The phagocytic index of macrophages recovered from Sftpc Ϫ/Ϫ mice was reduced (Fig.  7B) , supporting the concept that the lack of SP-C causes macrophage dysfunction leading to impaired bacterial uptake.
Sftpc
Ϫ/Ϫ macrophages express markers associated with alternative activation Alveolar macrophages from Sftpc Ϫ/Ϫ and Sftpc ϩ/ϩ mice were analyzed for changes in gene expression or protein levels of molecules associated with an alternatively activated phenotype. By RT-PCR analysis, arginase I expression was increased 4-fold in Sftpc Ϫ/Ϫ macrophages (Fig. 7C) . Increased arginase activity in macrophages contributes to matrix remodeling by promoting polyamine and subsequent collagen synthesis. The protein composition of Sftpc Ϫ/Ϫ and Sftpc ϩ/ϩ macrophages was compared by gel electrophoresis of either whole cell lysates or BALF supernatant following cell isolation. Several abundant proteins were detected in Sftpc Ϫ/Ϫ macrophages after silver staining of the gel. Selected bands were excised from the gel, and the sequence determined for peptides generated by trypsin digestion. The peptide sequence generated from a prominent band of ϳ40 kDa had identity with the murine chitinase protein Ym1 (Fig. 7D) . Sequence of 12 peptides from the macrophage sample matched with Ym1, covering 35% of the primary sequence. Sequence of eight peptides from the BALF sample matched Ym1 covering 28% of the primary sequence. The sequence of five tryptic fragments common to the whole macrophage lysate and supernatant bands are shown below the gel in Fig.  7D . Increased chitinase expression is associated with asthma and epithelial inflammation, and Ym1 is thought to contribute to innate defense.
Discussion
The increased susceptibility of Sftpc Ϫ/Ϫ mice to infection by the pulmonary pathogen P. aeruginosa was demonstrated in vivo. Bacterial clearance and survival was decreased and pulmonary inflammation was increased in Sftpc Ϫ/Ϫ mice compared with Sftpc ϩ/ϩ mice after intratracheal delivery of P. aeruginosa. SP-C deficiency was associated with changes in macrophage activation state, supporting the critical role of SP-C in the maintenance and innate defense in the lung. These findings indicate that SP-C plays an important role in innate defense of the lung during Pseudomonas-induced pneumonia. The present study was designed to determine whether the susceptibility to P. aeruginosa was related to direct effects of SP-C on opsonization, to factors related to the inflammatory state of the lung, or to changes in macrophage function in Sftpc Ϫ/Ϫ mice. The progressive pulmonary disease seen in 129S6 Sftpc Ϫ/Ϫ mice shares features with the familial SP-C-associated ILD found in humans (2, 19) . Although a severe pulmonary disorder develops in 129S6 Sftpc Ϫ/Ϫ mice, there is virtually no pathology in the lungs of Sftpc Ϫ/Ϫ mice of the FVB/N background unless lung injury is induced in these mice. This strain-specific effect in mice suggests that other genes modify the severity of the SP-C-deficient phenotype. A role for modifier genes is also suggested in human disease because phenotypic heterogeneity is seen in SP-C-associated ILD among affected family members for whom injury can range from mild pulmonary insufficiency to severe fibrosis (17) . The reports of bacterial and viral infections associated with exacerbations in SP-C-deficient patients supports the hypothesis that SP-C deficiency increases the effect of pathogens on lung inflammation and repair. For the current study the young mice were chosen for infection before the onset of observed inflammation or histopathologic changes to minimize the inflammatory effects seen in Sftpc Ϫ/Ϫ mice in pathogen clearance. PND14 129S6 Sftpc Ϫ/Ϫ mice had reduced survival and clearance of P. aeruginosa when compared with infected Sftpc ϩ/ϩ mice. There was no difference in survival or clearance between PND14 FVB/N Sftpc ϩ/ϩ and Sftpc Ϫ/Ϫ mice (data not shown). The impaired response of Sftpc Ϫ/Ϫ to Pseudomonas challenge was specific to the 129S6 Sftpc Ϫ/Ϫ strain that developed spontaneous lung injury with age. In contrast, there was no difference in survival between infected adult 129S6 Sftpc ϩ/ϩ and Sftpc Ϫ/Ϫ mice. The selective susceptibility of the PND14 129S6 mice may be related to total lung macrophage content in which the less mature lungs have a smaller total resident macrophage population to respond to the Pseudomonas challenge. Alternatively, there may age-dependent differences in macrophage mobilization that alter the response. The rapid clearance of Pseudomonas in adult mouse lung and rapid injury when large bacteria inocula are used is problematic in other models of Pseudomonas-related lung disease. An outcome of the current study may be to improve Pseudomonas lung interactions by using young mice. The strain-specific response to P. aeruginosa challenge indicates that genetic factors modify pathogen susceptibility as well as the development of SP-C-deficient ILD.
The genetic factors affecting the host response to microbial infection among different inbred strains of mice are largely undefined. Comparison of susceptibility between the 129 and FVB mouse strains is even more limited. The 129 mice have been reported to be one of the most highly susceptible inbred strains to viral pulmonary pathogens (20) . In a survey of the immediate response to P. aeruginosa in infection in 11 strains of adult inbred mice, 129 and FVB mice strains had similar clearance and inflammation at 6 h postinfection (21) . The lack of strain sensitivity in that study is similar to the response of adult 129S6 and FVB/N mice in the current study. Effects of strain background in younger mice were not reported.
The genetic influence of the 129S6 background on susceptibility in young Sftpc Ϫ/Ϫ mice was unanticipated but reflects the variable disease progression that occurs among Sftpc Ϫ/Ϫ family members and among family members that carry the same cystic fibrosis mutation (22) . Susceptibility to infection may be influenced by early activation of inflammatory signaling in the lungs of 129S6 Sftpc Ϫ/Ϫ mice. Microarray comparison of gene expression in the lungs of day 1 newborn 129S6 Sftpc ϩ/ϩ and Sftpc Ϫ/Ϫ mice identified increased expression of host defense-related genes (Ͼ1.6-fold increase, p Ͼ 0.05 on triplicate samples), including chitinase 3-like 1 that is a family member with Ym1 as identified in this study, Ecsit a TLR accessory protein, Rhamm that is induced during oxidant-induced lung inflammation (23) , and two antiproteases (data not shown). These initial findings suggest that there is activation of inflammation-related genes in the unchallenged 129S6 Sftpc Ϫ/Ϫ lung at birth. Lung microarray comparison between 129S6 and FVB/N strains of Sftpc Ϫ/Ϫ mice may identify sets of genes that contribute to SP-C-deficient disease.
The pulmonary inflammatory response to Pseudomonas infection in PND14 129S6 Sftpc Ϫ/Ϫ mice was vigorous and included increased cell infiltration and goblet cell hyperplasia. Pulmonary mucins are heterogeneous glycoproteins; increased mucin production is associated with colonization by P. aeruginosa in cystic fibrosis and chronic obstructive pulmonary disease patients (24 -26) . P. aeruginosa has been shown to adhere to respiratory mucins (27) and directly stimulate increased mucin synthesis by airway epithelial cells (28) . Mucin production by airway epithelial cells is activated by MMP9 activity (29) . Macrophages from the lungs of adult 129S6 Sftpc Ϫ/Ϫ mice were previously shown to have increased MMP9 activity (19) . Therefore, the increased MMP9 levels produced by Sftpc Ϫ/Ϫ alveolar macrophages could influence mucin production and bacterial retention.
The surfactant proteins SP-A and SP-D play important roles in innate defense of a variety of pulmonary pathogens including P. aeruginosa. SP-A and SP-D null mice were found to have impaired clearance of mucoid P. aeruginosa (30, 31) . SP-A was shown to opsonize and enhance phagocytic clearance of mucoid P. aeruginosa (32) . SP-D also binds directly to P. aeruginosa and enhances phagocytosis (33) . These findings demonstrated that SP-A and SP-D directly contribute to limiting a Pseudomonas infection. P. aeruginosa secretes proteases that degrade both SP-A and SP-D (34, 35) . Thus proteolytic degradation of SP-A or SP-D might contribute to the increased mortality of Sftpc Ϫ/Ϫ mice in the current study. By Western blot analysis SP-A and SP-D levels were unchanged in the BALF of Sftpc ϩ/ϩ and Sftpc Ϫ/Ϫ mice before or after infection (data not shown). When a purified human SP-C/phospholipid mixture was incubated with the P. aeruginosa before instillation, there was no increase in bacterial clearance by Sftpc Ϫ/Ϫ mice. Thus, SP-C does not appear to augment P. aeruginosa clearance by opsonization as do SP-A and SP-D. It is unlikely that the observed impaired clearance of P. aeruginosa is an opsonization defect. Our finding that SP-C does not enhance host defense by opsonization is consistent with reports suggesting that SP-C may confer alveolar protection by neutralizing inhaled inflammatory compounds or microorganisms. SP-C was shown to bind to bacterial LPS and reduce macrophage release of cytokines in vitro (14) . It is thus conceivable that the lack of SP-C alters the alveolar microenvironment by increasing the exposure of the alveolar epithelium or sentinal alveolar phagocytes to inflammatory stimuli. The pulmonary inflammation and ILD-like injury that develops with age in 129S6 Sftpc Ϫ/Ϫ mice may arise from chronic alveolar inflammation when SP-C does not sequester inhaled proinflammatory agents.
A prominent feature of familial SP-C ILD is extensive alveolar infiltration and accumulation of macrophages. The SP-C patient index cases were initially classified as desquamative interstitial pneumonitis and chronic pneumonitis of infancy to reflect the macrophage injury (15) . The pneumonitis-like histopathology of both the affected human and adult 129S6 Sftpc Ϫ/Ϫ lungs suggest an impaired macrophage response as a common link. The alveolar macrophages from 129S6 Sftpc Ϫ/Ϫ mice had altered morphology and reduced phagocytosis in vitro and in vivo and were previously shown to have increased metalloproteinase activity (19) . The impaired phagocytosis and increased MMP9 activity suggested that the status of the Sftpc Ϫ/Ϫ macrophage had shifted from the classic protective function to a repair and remodeling function termed the alternatively activated macrophage (AAM) (36) . The alternative activation state is associated with markers affecting cell-cell and cell-matrix interactions and other markers with only partially defined function. Murine AAM produce and secrete Ym1, a 42-kDa protein with chitinase sequence homology. Ym1 is thought to contribute to innate defense through lectin-like binding to glucosamine oligosaccharides and to heparan sulfate components of the extracellular matrix (37, 38) . Ym1 protein was abundant in isolated alveolar macrophages and in the BALF collected from 129S6 Sftpc Ϫ/Ϫ mice. AAM have increased expression of the arginase I gene (ArgI) that alters arginine metabolism and macrophage function (38) . ArgI mRNA expression was increased in the 129S6 Sftpc Ϫ/Ϫ macrophages. ArgI converts arginine to precursors of polyamines and collagen used in extracellular matrix production, tissue remodeling, and eventual fibrosis. ArgI activity depletes arginine from the NO synthetic pathway thus reducing macrophage bacteriocidal activity (38, 39) . The increased Ym1 protein and ArgI expression of Sftpc Ϫ/Ϫ macrophages is consistent with an AAM phenotype and a reduced ability to suppress infection. The presence of herpesvirus has been linked to familial pulmonary fibrosis and idiopathic pulmonary fibrosis (40) . Pulmonary macrophages acquire an AAM phenotype in herpesvirus-positive patients with pulmonary fibrosis and in mice with either herpesvirusinduced lung fibrosis or bleomycin-induced lung fibrosis (41, 42) . Macrophages positive for ArgI and Ym1 localized to fibrotic lung tissue of herpes virus-infected mice and ArgI-positive macrophages associated with fibrotic regions of lungs from bleomycintreated mice (42) . Similarly ArgI-positive macrophages were associated with fibroblastic foci of idiopathic pulmonary fibrosis patients (41) . Collectively these data implicate AAM as a shared feature between experimentally induced fibrotic lung disease, clinical idiopathic pulmonary fibrosis, and the ILD of Sftpc Ϫ/Ϫ mice, wherein fibrosis develops with age. Characteristics of macrophages from affected SP-C patients have not been reported.
SP-A, SP-D, and GM-CSF null mice have macrophages with altered morphology and impaired phagocytosis of P. aeruginosa yet apparently do not develop populations of AAM or fibrosis (30, 31, 43) . Thus the loss of SP-C appears to elicit a distinct alveolar injury that modifies both macrophage function and airway cell response to challenge. The susceptibility of Sftpc Ϫ/Ϫ mice to Pseudomonas challenge supports the emerging concept that chronic Ag stimulation may underlie rare familial and idiopathic pulmonary fibrosis. The current findings indicate that SP-C deficiency perturbs the activation state of alveolar macrophages resulting in decreased phagocytosis and clearance of P. aeruginosa. SP-C deficiency per se renders mice susceptible to pulmonary Pseudomonas infection as well as replicating the progressive ILD and fibrosis seen in human SP-C deficiency.
